Electrostatic Micro-Electro Mechanical Systems (MEMS) actuators are a key element in today's electronic switching applications. One of the main challenges in realizing a heterogeneous system having such MEMS actuators along with other CMOS devices is the high operating voltage of the MEMS actuator. In this work, we propose a SPICE based framework to model ferroelectric negative capacitance -electrostatic MEMS hybrid actuators. Using this framework, we demonstrate that the negative capacitance of the ferroelectric can result in a significant reduction in the dynamic pull-in and pull-out voltages of the actuator. We also show the effect of ferroelectric thickness on these voltages and the effect of ferroelectric damping on the energy dissipation. Our proposal shows that the hybrid actuator is better than the standalone MEMS actuator in terms of voltage requirement and energy dissipation. We also reveal the trade-off between the operating voltage and the pull-in time.
I. INTRODUCTION
M ICRO Electro Mechanical Systems (MEMS) based on electrostatic actuation and sensing are an integral part of today's electronics. The ITRS roadmap describes the significance of many such devices in applications ranging from consumer -to -automotive -to -medical electronics [1] . Electrostatic MEMS actuators are very popular and are widely used because of their inherent low power consumption. The response of such electrostatic MEMS actuators to voltage excitation is typically classified into two: static and dynamic [2] - [6] . The former corresponds to the input voltage being varied slowly, so that the actuator is in quasi-static equilibrium. The latter corresponds to the input voltage being varied suddenly, as in the case of a step voltage excitation. Electrostatic actuators with step voltage excitation (dynamic) play a key role in switching (like RF MEMS switches) and display applications [7] - [11] . However, the operating voltages of such electrostatic MEMS actuators are typically much larger than the supply voltages used in modern CMOS integrated circuits. Realization of low-voltage electrostatic MEMS switches will enable a seamless integration of MEMS with CMOS electronics.
A novel technique to realize low-voltage electrostatic MEMS actuators was proposed and its static response was analyzed analytically in Ref. [12] . The idea was to connect a ferroelectric capacitor exhibiting negative capacitance in series with the MEMS actuator, thus forming a ferroelectric negative Raghuram capacitance -electrostatic MEMS hybrid actuator. Dynamic pull-in is however more relevant for switching applications than static analysis. To the best of our knowledge, dynamic pull-in of these hybrid actuators has not yet been reported.
In this work, we model the hybrid actuator numerically using SPICE and analyze the dynamic response. SPICE based modeling is circuit compatible and thus it can facilitate evaluation of circuit performance of various heterogeneous CMOS-MEMS systems easily. Using this approach, we demonstrate sub 1V dynamic operation of the hybrid actuator, enabling the integration of such MEMS actuators with modern CMOS devices. This eliminates the need of additional on-chip voltage sources and drive electronics used in present day MEMS-CMOS hybrid integrated circuits [13] - [16] . This also eliminates the scaling down of the structural parameters of the MEMS actuator to achieve low-voltage operation [17] - [19] . With this model, the effect of ferroelectric thickness on the operating voltage is illustrated. Further, the effect of ferroelectric damping and the pull-in time analysis are also presented. This paper is organized as follows. Section II reviews the dynamics of standalone electrostatic MEMS actuator. Section III presents the modeling of ferroelectric negative capacitanceelectrostatic MEMS hybrid actuator using SPICE. Simulation results and discussion are detailed in section IV. Section V presents our conclusion.
II. REVIEW OF DYNAMICS OF ELECTROSTATIC MEMS ACTUATOR
In this work, we model a generic standalone electrostatic MEMS actuator as a single degree of freedom (1-DOF), parallel plate arrangement consisting of a pair of electrodes separated by an airgap g o . As shown in the Fig. 1 , one electrode (bottom) is fixed and the other (top) is movable. The parameters used in the 1-DOF model (mass m, spring Fig. 2 . SPICE model of standalone electrostatic MEMS actuator. Arrows pointing into (out of) a block refer to inputs (outputs) to (from) the block. x designates position, v designates velocity and F designates forces. Implementation of these blocks using circuit elements follows Ref. [20] .
constant k, damping coefficient c) represent their effective equivalents in the generic actuator. In this work, we set the damping coefficient to zero, so as to enable a comparison with analytical results wherever possible. For dynamic operation, a step voltage is applied to the actuator. Below a certain value of this applied step voltage, called the dynamic pull-in voltage, the response of the actuator is periodic. The maximum value of this periodic displacement of the electrode is called dynamic pull-in displacement. For applied step voltage above the dynamic pull-in voltage, the movable top electrode snaps down onto the bottom electrode. This condition is called dynamic pull-in [5] . After achieving pull-in, when the applied step voltage is decreased to a specific value, called the dynamic release voltage / pull-out voltage, the pull-in condition is lost and the movable electrode comes back to its original position. The equation of motion governing the actuator response to the applied voltage V in u(t), where u(t) is the unit step function, is given by
for t ≥ 0. A M is the area of the electrode, o is the permittivity of free space, and x is the dynamic variable representing the displacement of the electrode. With damping neglected, the dynamic pull-in voltage V P I and the dynamic pull-in displacement X P I are given by [11] 
Note that no analytical expression for dynamic release voltage has been reported in literature.
III. MODELING FERROELECTRIC NEGATIVE CAPACITANCE -ELECTROSTATIC MEMS HYBRID ACTUATOR
The SPICE model of the standalone electrostatic MEMS is implemented as shown in Fig. 2 . It consists of four modules namely the actuator, the suspension, the Equation of Motion (EOM) solver and the anchor [20] . These modules are represented as sub-circuits in the schematic along with their associated parameters as depicted in Fig. 2 . The initial displacement and velocity of the movable electrode are taken as zero. The actuator module takes the applied step voltage V in , area A M , initial air-gap g o and the electrode displacement x elec as input parameters and calculates the electrostatic force Fig. 3 . SPICE model of ferroelectric capacitor. The charge Q is determined using an RC integrator. The voltage source V S is implemented using arbitrary behavioral voltage source.
The suspension module takes the electrode displacement x elec , electrode velocity v elec , the spring constant k and the damping coefficient c as the input parameters and calculates the mechanical restoring force F mech = c · dx/dt + kx. The EOM solver module is placed between the actuator and suspension modules. The EOM solver compares the two forces F elec and F mech and calculates the resultant electrode displacement and velocity by solving Eq. (1) for the specified electrode mass m. Electrical feedback connection is provided within these blocks to reach the equilibrium solution of the electrode displacement numerically for the applied step voltage.
The dynamics of the ferroelectric capacitor (single domain) is captured by the time dependent Landau -Khalatnikov (LK) equation [21] - [26] relating the voltage V F across the ferroelectric to charge Q as
where ρ is the ferroelectric damping constant; α F , β F and γ F are ferroelectric anisotropy coefficients, t F is the thickness of the ferroelectric, and A F is the area of the ferroelectric. The last term of Eq. (3) denotes the voltage drop across resistor R F with dQ/dt representing the current i through it. Thus, Eq. Source (VCVS) in series with resistor R F . The SPICE model of the ferroelectric capacitor is shown in Fig. 3 . The charge Q is estimated by integrating the current i through the capacitor [27] .
The ferroelectric negative capacitance -electrostatic MEMS hybrid actuator is modeled in SPICE by cascading a ferroelectric capacitor C F with the standalone MEMS actuator (depicted as a variable capacitor C M ) as shown in Fig. 4 .
Since the ferroelectric capacitor offers negative capacitance, Eq. (5) can be rewritten as
When the absolute value of ferroelectric capacitance |C F | is close to the MEMS capacitance C M , the intermediate node voltage shows voltage amplification. Thus the MEMS actuator requires a reduced voltage to achieve pull-in. This is the key principle behind reduction in the dynamic pull-in voltage of the electrostatic MEMS actuator in the presence of a series ferroelectric capacitor. Table I . lists the parameters of the hybrid actuator used in the simulation. The ferroelectric layer thickness and area are designed so as to obtain a static pull-in voltage of 0.8V and a static pull-out voltage of 0V, using the equations available in Ref. [12] . The validation of the SPICE model for the static pull-in and pull-out analysis can be found in the Appendix. The movement of the top electrode is limited by means of a stopper of height h s . The standalone MEMS model is simulated first to obtain the dynamic response as shown in Fig. 5 . Clearly, for input step voltage less than the dynamic pull-in voltage (18.67 V ), the actuator response is periodic. For input step voltage greater than the dynamic pull-in voltage, the actuator achieves pull-in as predicted by theory in Eq. (2) is used as the ferroelectric material. Again, the dynamic response of the hybrid actuator is obtained by applying a step input voltage as shown in Fig. 6 . The dynamic pullin and release voltages of the hybrid actuator are found to be 0.66 V and 0.01 V respectively. Compared to the standalone MEMS actuator, there is a significant reduction in the operating voltages of the hybrid actuator. This is because of the voltage amplification due to the negative capacitance of the series ferroelectric capacitor. This sub 1V operation of the hybrid actuator allows seamless integration of such MEMS actuators with modern CMOS devices and thus eliminating the need of any drive electronics or additional on-chip voltage up-converters. This also eliminates the need to scale down the structural parameters of the MEMS actuator to achieve lowvoltage operation. Electrostatic MEMS actuators are inherently low-power devices owing to their near zero power dissipation [28] , [29] . Reduction in the operating voltages further reduces the power dissipation during switching and thus enabling the use of such actuators in low-power, low-voltage applications. The effect of ferroelectric thickness t F on the dynamic Pull-in Release 5.900 5.925 5.950 5.975 6.000 6.025 6.050 6.075 6.100 pull-in and release voltage is shown in Fig. 7 . Increase in the ferroelectric thickness reduces the operating voltages. This is because, with increase in ferroelectric thickness, the ferroelectric capacitance decreases leading to enhanced voltage amplification. This is in agreement with a similar trend observed in ferroelectric negative capacitance -FET devices [24] where the gate voltage reduces with increase in ferroelectric thickness. However, the ferroelectric thickness should be properly chosen so as to preserve the voltage amplification phenomenon. Tailoring ferroelectric thickness t F can also ensure 0 V release voltage facilitating the use of single sub 1V voltage source for both pull-in and release. For example, with t F as 5.95 µm, after achieving dynamic pull-in, a 0 V step voltage will result in the release of the electrode. Another feature of this hybrid actuator is that the release voltage can be made negative as evident from Fig.  7 . Negative release voltage is favourable for bipolar voltage actuation of electrostatic MEMS actuators leading to improved reliability [30] , [31] and also in memory applications [32] . Thus, it is possible to have both positive and negative release voltages by carefully choosing the ferroelectric thickness. The effect of ferroelectric damping is captured by the resistance R F in the SPICE model of the ferroelectric capacitor. The effect of ferroelectric damping constant ρ on the energy dissipated during pull-in is shown in Fig. 8 . Large range of ρ is used in the simulation for a comprehensive prognosis. The energy dissipated during pull-in in the standalone MEMS actuator is 1.64 pJ. The energy dissipation during pull-in in the hybrid actuator for different values of ρ is of the order of f J. For example, for ρ = 75 Ω m, the energy dissipated during pull-in is 119.17 f J. This shows one order reduction in the energy dissipation in the hybrid actuator. This is a direct consequence of the reduction in the dynamic pull-in voltage of the actuator. As long as the equivalent series capacitance C eq of the hybrid actuator (C −1 eq = C −1 F + C −1 M ) remains positive, the hybrid actuator will behave like a positive capacitor and C eq will be larger than both C F and C M . Thus the energy dissipated during switching (energy ∝ 1/C eq ) will be much smaller than that of the standalone MEMS actuator. The energy dissipation has a strong dependency on the ferroelectric damping constant ρ. The energy dissipation increases with increase in ρ. As long as ρ of the ferroelectric is such that the energy dissipated in the hybrid actuator is less than that of the standalone MEMS actuator, the ferroelectric material is good enough to be employed in the hybrid actuator. This result should motivate development of fabrication techniques that yield ferroelectrics with minimum ferroelectric damping constant.
IV. SIMULATION RESULTS AND DISCUSSION
The dynamic pull-in time analysis of standalone MEMS actuator and the hybrid actuator is shown in Fig. 9 . The release time analysis is not considered as displacement by only few nanometers is sufficient to release the electrode. It is observed that the hybrid actuator is slower in comparison with the standalone MEMS actuator to achieve dynamic pull-in due to the addition of the series ferroelectric capacitor. There is also a trade-off between the applied step input voltage and the pull-in time. Larger step input voltage will result in faster pull-in of the actuator. This suggests that, by applying a slightly higher step voltage (which is still smaller than that of the standalone actuator), the pull-in time of the hybrid actuator can be made equal to the pull-in time of the standalone actuator. This ensures low-voltage operation of the hybrid actuator without compromising on the pull-in time. For example, standalone MEMS actuator and hybrid actuator with ρ = 75 Ωm and step input voltage V in = 2.57 V will have the same dynamic pull-in time as depicted in Fig. 9 .
V. CONCLUSION
The dynamic analysis of ferroelectric negative capacitance -electrostatic MEMS hybrid actuator based on SPICE multiphysics model is presented in this work. It is shown that the dynamic pull-in and release voltage of this hybrid actuator is significantly reduced due to the presence of the series ferroelectric capacitor. This allows straightforward integration of such actuators with modern CMOS devices. Further, this also opens the door for the use of such actuators in low-power, low-voltage applications. The effect of ferroelectric thickness in achieving both positive and negative release voltage is also illustrated. The effect of ferroelectric damping on the energy dissipation reveals that there is considerable reduction in the energy dissipation in the hybrid actuator in comparison with the standalone MEMS actuator as long as the ferroelectric damping constant is low. The pull-in time analysis shows that there is a trade-off between the applied step voltage and the dynamic pull-in time. Finally, since the model is SPICE based and thus circuit compatible, this can be used in conjunction with other low-voltage CMOS circuits to realize various heterogeneous CMOS -MEMS systems.
APPENDIX
The static pull-in voltage V SP I and the travel range X T r of the hybrid actuator is given by
(A2) Assuming zero static release voltage, we have g o − h s = (r αN /r βN ) g o . Thickness t F and area A F are calculated so as to obtain V SP I = 0.8 V . The static pull-in and release characteristics of the hybrid actuator is shown in Fig. A1 . The simulation results are in agreement with the analytical results given in Ref. [12] , thus validating the hybrid actuator SPICE model. The simulation results are in agreement with the analytical results given in Ref. [12] , thus validating the hybrid actuator SPICE model.
